Bile acid transport and secretion in hepatocytes require phosphatidylinositol (PI) 3-kinase-dependent recruitment of ATP-dependent transporters to the bile canalicular membrane and are accompanied by increased canalicular PI 3-kinase activity. We report here that the lipid products of PI 3-kinase also regulate ATP-dependent transport of taurocholate and dinitrophenyl-glutathione directly in canalicular membranes. ATP-dependent transport of taurocholate and dinitrophenyl-glutathione in isolated canalicular vesicles from rat liver was reduced 50-70% by PI 3-kinase inhibitors, wortmannin, and LY294002, at concentrations that are specific for Type I PI 3-kinase. Inhibition was reversed by addition of lipid products of PI 3-kinase (PI 3,4-bisphosphate and, to a lesser extent, PI 3-phosphate and PI 3,4,5-trisphosphate) but not by PI 4,5-bisphosphate. A membranepermeant synthetic 10-mer peptide that binds polyphosphoinositides and leads to activation of PI 3-kinase in macrophages doubled PI 3-kinase activity in canalicular membrane vesicles and enhanced taurocholate and dinitrophenylglutathione transport in canalicular membrane vesicles above maximal ATP-dependent transport. The effect of the peptide was blocked by wortmannin and LY294002. PI 3-kinase activity was also necessary for function of the transporters in vivo. ATP-dependent transport of taurocholate and PI 3-kinase activity were reduced in canalicular membrane vesicles isolated from rat liver that had been perfused with taurocholate and wortmannin. PI 3,4-bisphosphate enhanced ATPdependent transport of taurocholate in these vesicles above control levels. Our results indicate that PI 3-kinase lipid products are necessary in vivo and in vitro for maximal ATP-dependent transport of bile acid and nonbile acid organic anions across the canalicular membrane. Our results demonstrate regulation of membrane ATP binding cassette transporters by PI 3-kinase lipid products.
The bile canalicular membrane of mammalian hepatocytes contains at least four types of transmembrane proteins that belong to the multidrug resistance or multidrug resistance associated families and that require hydrolysis of ATP for transport of taurocholate [by sister of P-glycoprotein (spgp)], nonbile acid organic anions (by multidrug resistance associated protein 2), organic cations (by multidrug resistance protein 1) and translocation of phosphatidylcholine (PC) from the inner to the outer membrane layer (by multidrug resistance protein 3) (1) (2) (3) (4) (5) . It recently was demonstrated that taurocholate administration to rats intravenously or by perfusion of isolated rat liver significantly increased biliary secretion and recruitment of each of these transporters from Golgi to the canalicular membrane (6, 7) . This process also was associated with an increase in phosphatidylinositol (PI) 3-kinase activity in membrane fractions (7) . Administration of wortmannin after perfusion with taurocholate rapidly reduced bile acid secretion Ͻ50% of control values but did not affect taurocholate-induced recruitment of the canalicular AT Pdependent transporters (7) . These observations suggested that PI 3-kinase lipid products may regulate the activity of spgp in the canalicular membrane.
PI 3-kinase phosphorylates phosphoinositides on the 3Ј position of the inositol ring and was initially described in association with receptor and oncogene protein tyrosine kinases (8) . Type I PI 3-kinase generates PI 3-phosphate (PI 3-P), PI 3,4-bisphosphate (PI 3,4-P 2 ), and PI 3,4,5-trisphosphate (PI 3,4,5-P 3 ) (9, 10) and requires proximity to its substrates [PI, PI 4-P, and 4,5-bisphosphate (PI 4, 5-P 2 )] in cellular membranes (11, 12) . The catalytic subunit p110 ␣, ␤. and ␦ isoforms are regulated by interaction with the regulatory subunit, p85, whereas p110 ␥ isoform does not bind p85 and is regulated directly by heterotrimeric G type receptors (13, 14) . In addition, the catalytic subunits can be activated by p21 ras (15) . In recent years, PI 3-kinase activity and its lipid products have been implicated in regulation of many cellular processes, including membrane ruffling, vesicular trafficking, and activation of membrane ion channels (10, (16) (17) (18) (19) . The precise mechanisms for these effects are not known. Studies of physiological effects of PI 3-kinase products were facilitated by the use of inhibitors, wortmannin, and LY294002. At the concentrations used in our studies, these inhibitors are specific for Type I PI 3-kinase (20) (21) (22) (23) . Previous studies (7) revealed that taurocholate induces an increase in PI 3-kinase activity and translocation of p85 subunit to the canalicular membrane. The present studies demonstrate that PI 3-kinase activity is necessary for maximal ATP-dependent transport of taurocholate and dinitophenyl-glutathione by rat liver canalicular membrane vesicles and in vivo. Type I PI 3-kinase lipid products directly regulate ATP-dependent membrane transport systems and function of ATP binding cassette membrane proteins.
from Calbiochem. The synthetic rhodamine-linked 10-mer peptide that is based on the phosphoinositide-binding sequence of gelsolin (24) 32 P]ATP (6,000 Ci͞mM) were from Dupont͞ NEN. Dinitrophenyl-glutathione (DNP-GSH) was prepared as described (25) .
Perfusion of Isolated Rat Liver. Rats were anesthetized with sodium pentobarbital (50 mg͞kg), and nonrecirculating single pass liver perfusion was performed according to Hems et al. (26) . The effect of taurocholate and wortmannin on taurocholate-induced bile acid secretion was determined by liver perfusion at 30 ml͞min at 37°C with CO 2 ͞O 2 (5%͞95%) oxygenated Kreb-Ringer's bicarbonate buffer containing 5.5 mM glucose and 100 M taurocholate as described (6, 7) . [ 3 H] taurocholate (2 ϫ 10 7 cpm) was added to the buffer after 10 min. Liver viability was assured by maintaining portal pressure (average 10 cm H 2 O), O 2 supply, temperature, and buffer pH (7.35-7.40 ) throughout the perfusion. Wortmannin 10 mM stock solution was prepared in dimethyl sulfoxide, was diluted to 100 nM in buffer immediately before use, and was infused at 30 ml͞min after 30 min of taurocholate perfusion. Bile was collected at 3-min intervals, and samples were weighed to determine volume and taurocholate secretion. The effluent also was collected for measurement of [ 3 H] taurocholate. The liver was removed at the indicated time. Canalicular membrane vesicles were prepared and characterized as described below.
Preparation of Plasma Membrane Vesicles. Male SpragueDawley rats weighing Ϸ250 g were anesthetized with ether and sodium pentobarbital (50 mg͞kg i.p.). The liver was rapidly perfused at room temperature with 0.25 M sucrose and 10 mM Hepes-Tris that contained protease inhibitors (2 g͞ml aprotinin, 2 g͞ml leupeptin, 2 g͞ml pepstatin, 100 g͞ml phenylmethyl-sulfonylchloride, and 5 g͞ml benzamidine) and was homogenized in 5 volumes of buffer. Canalicular membrane vesicles were isolated from liver homogenates by nitrogen cavitation and Ca 2ϩ precipitation (29) , and vesicle purity was determined by using leucine aminopeptidase (30) and ␥ glutamyl transpeptidase (31) . With respect to the activity in homogenate, enrichment was 50-to 70-fold with leucine aminopeptidase and 20-to 30-fold with ␥ glutamyl transpeptidase. The yield of canalicular membrane vesicles was 1-1.2 mg protein͞60 g of rat liver. Vesicles were stored in buffer A (10 mM Hepes-Tris, pH 7.4͞0.25 M sucrose͞0.2 mM CaCl 2 ) at Ϫ70°C until used.
Transport Assay. Transport of taurocholate and DNP-GSH was measured by a rapid filtration method (32) . The reaction mixture contained 1.2 mM ATP, ATP regeneration system (3 mM creatine phosphate͞100 g/ml creatine kinase) in buffer B (10 mM Hepes-Tris, pH 7.4͞0.25 M sucrose͞10 mM MgCl 2 ͞ 0.2 mM CaCl 2 ), and 10 M taurocholate with [ suspended in buffer A at 37°C. After the indicated time, the reaction was stopped by addition of 1 ml of ice-cold buffer B. Vesicles were filtered through glass microfiber filters (Whatman; 0.45 M pore size) and were washed twice with 10 ml of ice-cold buffer B. Radioactivity on the filters was measured by liquid scintillation counter (Beckman Coulter; model LS 1801). A portion (0.2 mM) of PC alone or in combination with 0-20 M PI 3-P, PI 4,5-P 2 , PI 3,4-P 2 , or PI 3,4,5-P 3 were sonicated in 10 mM Hepes-Tris (pH 7.4). Vesicles were incubated at room temperature for 5 min with lipids or for 10 min with the synthetic peptide. Wortmannin was incubated with vesicles for indicated times. Transport assays were performed as described above. (27) . Assays proceeded at 37°C for 20 min and were stopped with 100 l CH 3 OH:1N HCl (1:1), and lipids were extracted twice with 100 l of chloroform. The organic layer was combined, was dried under nitrogen, and was analyzed by TLC. [ 32 P]-labeled phosphoinositides were resolved in water:acetic acid:n-propanol (34:1:65) and were detected by autoradiography. [ 32 P] incorporation into PI 3,4,5-P 3 was quantified by liquid scintillation counting of TLC spots, which were scraped and eluted in scintillation fluid.
RESULTS
Effect of Wortmannin on Taurocholate-Induced Biliary Secretion in Isolated Perfused Rat Liver. Intravenous administration of taurocholate at concentrations that approximate the physiological postprandial bile acid load enhances bile acid secretion to Ϸ4,000 nmol͞3 min (6, 7) . This process is associated with translocation of all known canalicular ATPdependent transporters, including the major bile acid transporter, spgp, to the canalicular membrane, activation of canalicular membrane-associated PI 3-kinase, and translocation of its regulatory subunit, p85, to the canalicular membrane (7) . Similar effects were achieved by perfusion of isolated rat liver with taurocholate for 30 min (Fig. 1 ). These observations suggest that taurocholate-induced bile acid secretion is associated with translocation of PI 3-kinase inasmuch as taurocholate has no direct effect on the activity of purified PI 3-kinase (7) or on PI 3-kinase activity in isolated canalicular membrane vesicles (data not shown).
Administration of wortmannin for 9 min to taurocholateperfused isolated rat liver resulted in a 50-70% reduction in bile acid secretion within 3 min (Fig. 1) (33, 34) . Addition of ATP induces a 4-to 6-fold increase in transport of taurocholate and other bile acids in canalicular membrane vesicles whereas minimal basal transport reflects nonspecific binding or diffusion of the radiolabeled material ( Fig. 2A) . ATP-dependent taurocholate transport was reduced below 50% by addition of 50 nM wortmannin. The inhibitory effect of wortmannin was not limited to taurocholate transport because it also blocked ATP-dependent transport of DNP-GSH, a substrate for multidrug resistance associated protein 2 in the canalicular membrane (Fig. 2B) . When maximal ATP-dependent taurocholate transport was measured at 1 min, wortmannin and a different PI 3-kinase inhibitor, LY294002, were inhibitory at IC 50 25 nM and 20 M, respectively. These low concentrations of the inhibitors are specific for Type 1 PI 3-kinase activity (9) . Maximal inhibition of ATP-dependent taurocholate transport in canalicular membrane vesicles occurred within 3-5 min after incubation with wortmannin (data not shown), which correlates with the time of decrease in bile acid secretion observed in vivo (Fig. 1) and suggests that ATP-dependent taurocholate transport requires PI 3-kinase products that rapidly recycle in the canalicular membrane.
PI 3-Kinase Products Are Sufficient to Support ATPDependent Taurocholate and DNP-GSH Transport in Canalicular Membrane Vesicles. To determine whether PI 3-kinase products are required for taurocholate and DNP-GSH transport in canalicular membrane vesicles, we examined whether addition of 3Ј phosphorylated polyphosphoinositides overcomes the inhibitory effect of wortmannin. As reported, phosphatidylserine but not PC supports PI 3-kinase activity (35) . Incubation of canalicular membrane vesicles with PC reduced ATP-dependent taurocholate and DNP-GSH transport almost to background levels whereas phosphatidylserine had no significant effect (Table 1 ; data not shown). When PI 3-kinase products are presented in micellar form to intact cells, they are incorporated into membranes and elicit cell migration and activation of endogenous enzymes, such as specific protein kinase C isoforms (17, 36) . Addition of PI 3,4-P 2 to PCcontaining micelles resulted in increased taurocholate and DNP-GSH transport, which was resistant to 100 nM wortmannin. The effect of PI 3,4-P 2 was dose-dependent with a maximal increase at 10 -20 M (Fig. 3) . Wortmannininhibitable taurocholate and DNP-GSH transport also were restored by PI 3,4,5-P 3 (Table 1 ) and PI 3-P (data not shown), although less efficiently than by PI 3,4-P 2 at similar concentrations. To test specificity of PI 3-kinase lipid products, we also examined the effect of PI 4,5-P 2 , which did not restore ATP-dependent transport of either taurocholate or DNP-GSH. These results indicate that PI 3-kinase products are sufficient to drive ATP-dependent canalicular transport of taurocholate and DNP-GSH in the absence of active PI 3-kinase.
Activation of PI 3-Kinase Induces ATP-Dependent Taurocholate and DNP-GSH Transport. To determine whether activation of PI 3-kinase in canalicular membrane vesicles enhances taurocholate and DNP-GSH transport, we used a rhodamine-linked synthetic 12-mer peptide that is modeled on the phospholipid-binding sequence of gelsolin and binds several polyphosphoinositides in vitro (24) . This membranepermeable compound elicits accumulation of polyphosphoinositides in macrophages and induces wortmannin-inhibitable cellular responses in platelets and leukocytes (ref. 37; A. Toker and J. Hartwig, personal communication). Incubation of canalicular membrane vesicles for 10 min with synthetic peptide (10 M) increased PI 3-kinase activity (data not shown) and doubled ATP-dependent canalicular transport of taurocholate and GS-DNP (Fig. 4) . The increase in ATP-dependent taurocholate and DNP-GSH transport induced by the synthetic peptide was inhibited by wortmannin at 50 nM (Fig. 4 B and  C) , which does not inhibit PI 4-kinase (38) . ATP-dependent transport of taurocholate by canalicular membrane vesicles obtained from taurocholate-treated rats was increased further by addition of the 10-mer peptide. Similar results were observed when PI 3,4-P 2 was added to canalicular membrane vesicles obtained from taurocholate-treated rats (data not shown). These results support the conclusion that PI 3-kinase is necessary for ATP-dependent taurocholate and DNP-GSH transport.
Wortmannin Perfusion of Isolated Rat Liver Resulted in Reduced ATP-Dependent Taurocholate Transport in Canalicular Membrane That Was Restored by Addition of PI 3,4-P 2 .
As shown in Fig. 1 , addition of wortmannin to taurocholateperfused isolated rat liver resulted in rapid reduction in bile acid secretion. We measured PI 3-kinase activity and taurocholate transport in canalicular membrane vesicles isolated from control, taurocholate, or taurocholate-and wortmannin- perfused isolated rat liver. Similar to a previous report (7), canalicular membrane vesicles from liver perfused with taurocholate had a 2-fold increase in PI 3-kinase activity, which was blocked by perfusion with wortmannin for 9 min (Fig. 5A) . ATP-dependent transport of taurocholate was enhanced by prior treatment in vivo with taurocholate; however, addition of wortmannin inhibited ATP-dependent taurocholate transport in these canalicular membrane vesicles. Addition of PI 3,4-P 2 to the vesicles restored ATP-dependent transport above the level induced by taurocholate (Fig. 5B) . These results indicate that wortmannin administration in vivo reduced PI 3-kinase activity and inhibited transfer of taurocholate and DNP-GSH by ATP-dependent transporters in canalicular membrane vesicles. These transport processes were fully restored by addition of PI 3 kinase lipid products to canalicular membrane vesicles.
DISCUSSION
In isolated perfused rat liver, intraportal administration of taurocholate enhanced bile acid secretion, which was inhibited Ͼ50% by perfusion with 100 nM wortmannin ( Fig. 1 Maximal ATP-dependent transport of taurocholate in canalicular membrane vesicles from normal rat liver was blocked by incubation of vesicles with low concentrations of wortmannin and LY294002 with IC 50 of 25 nM and 20 M, respectively. Inhibition of ATP-dependent taurocholate transport by wortmannin was evident within 3-5 min of incubation with canalicular membrane vesicles, which suggests that PI 3 kinase lipid products undergo rapid turnover in these vesicular fractions. Wortmannin and LY294002 do not directly affect ATPdependent transporters of taurocholate or DNP-GSH but act through their ability to inhibit PI 3-kinase activity, as evidenced by reversal of their inhibitory effect, specifically by PI 3,4-P 2 and less efficiently by PI 3-P and PI 3,4,5-P 3 but not by PI 4,5-P 2 . PC, as opposed to phosphatidylserine, is also inhibitory to purified PI 3-kinase (40) . PC inhibited ATPdependent taurocholate and DNP-GSH transport by canalicular membrane vesicles, which also was reversed by addition of PI 3-kinase lipid products. These data indicate that PI 3-kinase products are necessary for maximal ATP-dependent transport of bile acid and DNP-GSH in canalicular membrane vesicles. Because bile acid secretion and ATP-dependent transport by canalicular membrane vesicles of taurocholate and DNP-GSH was reduced only 50-70% by wortmannin or LY294002, Type I PI 3-kinase lipid products may not be the only factors regulating transporter activity.
To demonstrate that activation of PI 3-kinase enhances transporter activity, we used a synthetic peptide, which activates PI 3-kinase in macrophages (37), lipid-bilayer vesicles (41) , and canalicular membrane vesicles. The peptide was twice as effective as ATP alone in enhancing ATP-dependent taurocholate and DNP-GSH transport by canalicular membrane vesicles. The effect of the peptide was inhibited by 50 nM wortmannin, which does not inhibit PI 4-kinases, lending further support to the specific role of PI 3-kinase lipid products in taurocholate and DNP-GSH transport in canalicular membrane vesicles. The importance of PI 3-kinase lipid products in ATP-dependent taurocholate and DNP-GSH transport by canalicular membrane vesicles is further emphasized by the observation that addition of peptide or PI 3,4-P 2 enhanced transport in vesicles above that observed after taurocholate administration in vivo.
It has been shown that canalicular membrane vesicles isolated from rat liver perfused with taurocholate had a 2-fold ,-P2, final concentrations) were incubated for 10 min with CMV at 37°C. Wortmannin (100 nM) was added for the last 5 min before initiation of transport assay. Transport was measured at 1 min and was expressed as picomoles of taurocholate or DNP-GSH transported/mg protein. The results are expressed as means Ϯ SD for taurocholate (n ϭ 6) and means Ϯ standard error for DNP-GSH (n ϭ 2). ND, not determined; WM, wortmannin; CMV, canalicular membrane vesicle.
Physiology: Misra et al. Proc. Natl. Acad. Sci. USA 96 (1999) increase in wortmannin-inhibitable PI 3-kinase activity associated with translocation of PI 3-kinase by a microtubulardependent process to the canalicular membrane, as determined by accumulation of p85 subunit in these membranes (7) . These results correlate with the present studies in which canalicular membrane vesicles isolated from taurocholate perfused rat liver manifested 1.5-fold increase in ATP-dependent transport that was inhibited by perfusion with wortmannin. Addition of PI 3,4-P 2 enhanced ATP-dependent taurocholate transport above basal levels in these vesicles. Furthermore, incubation of taurocholate with canalicular membrane vesicles or purified PI 3-kinase did not increase PI 3-kinase activity (7). These results indicate that PI 3-kinase activity and its lipid products are necessary for maximal ATP-dependent canalicular transport of taurocholate. The role of PI 3-kinase lipid products is not restricted to regulation of canalicular ATP-dependent taurocholate transport because the activity of multidrug resistance associated protein 2, which transports non-bile acid organic anions such as DNP-GSH, was similarly blocked by wortmannin and was restored by PI 3,4-P 2 , PI 3-P, and PI 3,4,5-P 3 but not by PI 4,5-P 2 . The synthetic peptide also increased ATP-dependent transport of DNP-GSH, and the effect was inhibited by wortmannin. Therefore, PI 3-kinase activity is required for the function of both canalicular transporters, spgp, and multidrug resistance associated protein 2. Other ATP binding cassette transporter proteins, including cystic fibrosis transmembrane conductance regulator, may be similarly affected by PI 3-kinase lipid products.
The mechanism whereby PI 3-kinase regulates ATPdependent transporters is not known; however, a direct interaction with phospholipids has been proposed for multidrug resistance protein 1 protein (42, 43) . Recent studies on regulation of the K ATP channel by PI 4-P and PI 4,5-P 2 (44, 45) suggest that these negatively charged lipids may bind to positive charges in the protein thereby opening the channel. Surface charge does not appear to be involved in regulation of canalicular ATP-dependent transporters. In our experiments, PI 3,4-P 2 , which has three negative charges, was more effective than was PI 3,4,5-P 3 , which has four negative charges. In addition, PI 3,4-P 2 enhanced ATP-dependent transport whereas similarly charged PI 4,5-P 2 was inhibitory. PC, which lacks a negatively charged head group and had no effect on the K ATP channel, was inhibitory for ATP-dependent transport probably through inhibition of PI 3-kinase activity (40) . These observations suggest that the effect of PI 3-kinase lipid products on ATP-dependent canalicular transport is not mediated by surface charge. Regulation of these transporters by lipids is complex and may involve changes in transporter tertiary conformation, ligand binding, or ATPase activity as has been proposed for P-glycoprotein (46) . Alternatively, the lipids may alter accessibility of transporters for their substrates, such as has been demonstrated for PI 3-kinase in lipid-bilayer vesicles (41) .
Note Added in Proof. The polyphosphoinositide binding peptide used in this study is further described by Janmey et al. (47) .
